Abstract. The conductivity in a bilayer graphene in zero magnetic field is calculated within the self-consistent Born approximation. The bilayer graphene has a semi-metallic spectrum where the conduction and valence bands with k-square dispersions touch at the zero energy. We find that the quantum effect is significant around zero energy, where the conductivity becomes nearly universal, 2e 2 /π 2h per spin, in a large disorder.
Recently atomically thin graphenes were experimentally fabricated and their unusual electronic properties have attracted a lot of interests. [1, 2, 3, 4, 5, 6] . Samples which contain a few graphene sheets are also available, and the transport properties depending on the layer number have been observed [4, 6] . For the bilayer graphene, the electronic structure was recently studied theoretically and the spectrum was found to be essentially different from that of a monolayer, where the energy dispersion includes both k-linear and k-square terms [7] . In this paper we calculate the conductivity in the absence of a magnetic field within a self-consistent Born approximation (SCBA). We follow the similar SCBA analysis applied for the monolayer graphene [8, 9] .
The bilayer graphene is composed of a pair of hexagonal networks of carbon atoms, which include A and B atoms on the top layer and A and B on the bottom, as schematically shown in Fig. 1 . We can show that the low energy spectrum is given by the states around K and K points in the Brillouin zone. Neighboring A and B sites create the bonding and anti-bonding states away from the Fermi level, and the low energy states are given by remaining A and B sites [7] . The effective Hamiltonian reads,
where k ± = k x ± ik y with k being the wave vector measured from K or K points. The effective mass m * and the wavenumber k 0 are defined bȳ
with the lattice constant a = 0.246 nm and γ 0 , γ 1 , and γ 3 being the parameters in the Slonczewski-Weiss-McClure graphite model [10, 11] , which were estimated as γ 0 ≈ 3.16 eV, γ 1 ≈ 0.39 eV and γ 3 ≈ 0.315 eV [12] . The k-linear term in the Hamiltonian (2) describes the direct hopping between A and B sites, and the ksquare term the second order process between A and B via A-B dimers. A typical energy where the k-square and k-linear terms become comparable can be defined by ε 0 =h 2 k 2 0 /2m * . For the parameters mentioned above, m * /m 0 = 0.033 with m 0 being the free electron mass, k 0 (2π/a) −1 = 2.2 × 10 −3 , and ε 0 ≈ 3.9 meV. In the energy |ε| > ε 0 , the k-square term dominates in the Hamiltonian and the density of states per spin becomes almost constant,
In the low energy region |ε| < (1/4)ε 0 , the Fermi line splits into four separated pockets for each of K and K [7] . The electron concentration corresponding to ε 0 is 1.0×10 11 cm −2 , while the typical electron concentration in the present system is 10 12 cm −2 (ε F /ε 0 ∼10) or larger [6] . While we do not know the detail of the scatterers in the present system, we shall consider in the following the short-range scatterers which are localized only on B sites or on A sites. We assume that they are equally distributed to A and B sites with density n A i = n B i = n i /2 and the integrated amplitude ±u i . For sufficient high energy, the relaxation time τ becomes
We define the dimensionless parameter W for the scattering strength as W = (2/π)Γ/ε 0 , where W ∼ 1 characterizes a typical disorder strength which destroys the fine low energy structure due to the k-linear term. We calculate the conductivity using Kubo formula with the self-consistent Born approximation in similar manner in Ref. [8] . If we concentrate our discussion on the case of large disorder W > 1, we can show that the self-energy is given by Σ(ε + i0) ≈ −iΓ independently of the energy ε. The conductivity can then be written as
where the second term represents the modification due to the k-linear term. In ε Γ, this approximates e 2 ρ ∞ |ε|τ/m * as in a usual two-dimensional metal, while in ε < Γ it becomes
In the limit of the large disorder, the conductivity and never vanishes but becomes universal, i.e., σ → 2e 2 /π 2h . This can be understood in terms of Einstein's relation σ = e 2 ρD * , with the density of states ρ and the diffusion constant D * . The diffusion constant is written as D * = v 2 x τ, where v 2 x is the average of the squared velocity over states at the Fermi energy and τ is a relaxation time related to Γ through the uncertainty relation Γ = h/2τ. If we neglect a k-linear term in the dispersion, we have v 2 x = |ε|/m * and thus σ = n s e 2 τ/m * with n s = ρ ∞ |ε|. In the energy range |ε| < Γ, however, we have v 2
x ∼ Γ/m * because we take an average over the ideal states in ε Γ. The diffusion constant then becomes D * ∼h/2m * independent of energy using Γτ ∼h/2, and with ρ = ρ ∞ = m * /πh 2 , we finally obtain σ ∼ e 2 /h. This conductivity is universal and independent of the band parameters and the strength of scattering.
A recent experiment reports the transport properties of a bilayer graphene [6] , where the resistivity exhibits a prominent peak at ε ≈ 0 and decreases rapidly with the increase of the energy or the electron concentration. This dependence is explained by Eq. (6) qualitatively quite well with the disorder parameter 1 < W < 2, in the region n s < 2 × 10 12 cm −2 . In particular, the observed peak resistivity ∼ 6.5 kΩ corresponds well to the present result for W ∼ 1. However, the resistivity seems to decrease much faster than that given by us with a constant W for larger electron concentrations n s 2 × 10 12 cm −2 . This might suggest that the effective range of the scattering potential can be comparable to the the electron wavelength at these electron concentrations.
